Cultures were maintained in ground beef medium described previously (3). To begin culturing from stock preparations, subcultures were made to fresh tubes of the ground beef medium and incubated at 37 C for 18 hr. Further subcultures were then made to flasks containing 125 ml of freshly boiled casein hydrolysate medium (2) to which 1% sodium thioglycolate had been added. The cells reached the early log phase after being incubated at 37 C for 6 hr. For experimental purposes, a 3% inoculum of these cells was used to initiate growth in flasks of the same medium.
In recent years, many conflicting reports have been published regarding the molecular weights of various botulinus toxins. Weights varying between 900,000 (1, 8) and 13,000 (5) have been reported for type A toxins, weights between 60,000 (9) and 10,000 (6) for type B, and weights between 200,000 (10) and 18,000 (4) for type E.
The methods of purification and the times at which the toxins were harvested varied in most of the above instances, and it is possible that these variables account for the disparity in results. We have undertaken a study of toxin synthesis in actively growing type B cells in the hope that such an investigation would resolve some of these disagreements. We have shown that in the growing cell there are at least two different toxin fractions, possessing similar toxic properties, but separable on the basis of their sedimentation properties. We have also shown that toxin production occurs mainly in the latter stage of logarithmic growth where the rate of intracellular toxin accumulation increases sharply. At the end of the log phase, the toxin begins to be released, presumably as a result of lysis of some of the cells.
MATERIALS AND METHODS
Culture techniques. Clostridium botulinum type B strain Lamanna was used exclusively in this work. Cultures were maintained in ground beef medium described previously (3) . To begin culturing from stock preparations, subcultures were made to fresh tubes of the ground beef medium and incubated at 37 C for 18 hr. Further subcultures were then made to flasks containing 125 ml of freshly boiled casein hydrolysate medium (2) to which 1% sodium thioglycolate had been added. The cells reached the early log phase after being incubated at 37 C for 6 hr. For experimental purposes, a 3% inoculum of these cells was used to initiate growth in flasks of the same medium.
Determination of growth. Growth was observed by use of a Bausch and Lomb Spectronic-20 colorimeter at 650 mMA (blue filter) and optical density (OD) was measured against a standard of sterile medium. OD was quantitatively related to cell numbers by comparing various culture preparations of known optical density with a direct count on a phase-contrast microscope with a Petroff-Hausser chamber. It was established that 1.0 OD unit was equivalent to 1.2 X 109 cells during the log phase.
Toxin titrations. White mice weighing approximately 25 g were injected intraperitoneally with 0.5, 0.3, 0.2, and 0.1 ml of serial decimal dilutions of toxic preparations. Dilutions were made in physiological saline, and the MLD (minimal lethal dose) was calculated as the highest dilution which killed all mice within 48 hr. In critical assays, multiple mice were used or titrations were completely repeated to test reproducibility. Cell fractionation. Cells were harvested at various stages during the growth cycle and centrifuged for 10 min in a refrigerated RC2 Servall centrifuge at 8,000 X g. Cells were resuspended on 0.1 M sodium acetate buffer (pH 5.4) containing 10-4 M MgCl2 and put through a French press at 18,000 pounds. The cell lysate was then centrifuged at 8,000 X g for 10 min to remove intact cells and cell wall debris. Membranes were separated by additional centrifugation at 20,000 on July 13, 2017 by guest http://jb.asm.org/ Downloaded from SYNTHESIS AND NATURE OF BOTULINUS TOXIN X g for 1 hr. Membranes and cell walls were washed twice in the acetate buffer and refrigerated. At this stage, the Mg content was raised to 102 M. The ribosomal pellet was isolated by spinning the remaining supernatant fluid at 100,000 X g for 2 hr in a model L Spinco ultracentrifuge. The pellet was resuspended in sodium acetate buffer containing 10-2 M MgC12.
Sucrose gradients. Sucrose gradients were performed in the SW head of a model L Spinco ultracentrifuge. Gradients were between 5 and 20% sucrose layered on a cushion of 0.2 ml of 60% sucrose. Total volume was 5.0 ml and test samples of 0.2 ml (containing 150 OD units at 260 m,u) were centrifuged at 100,000 X g for 4 hr. Eluted fractions were diluted in 0.1 M sodium acetate buffer and OD values were read at 260 and 280 mi, on a DU spectrophotometer.
Toxin purification. The various samples from which toxin was purified were treated according to the methods described previously (6) . Ultracentrifuge runs were made on a model E Spinco analytical ultracentrifuge using either the synthetic boundary or standard cell.
Protein analysis. Total protein was estimated by the Lowry method as given by Kabat and Mayer (7) .
RESULTS
Initial studies were made on the growth curve of strain B Lamanna, and the data were correlated with the amount of toxin released into the supernatant fluid. A representative set of data, taken from cultures in 250 ml of broth, is given in Fig. 1 . It can be seen that increased levels of toxin appeared in the medium at approximately the same time that cells reached the top of the log phase (when cell concentration approached 3 x 109 cells per ml). It is assumed that this was the result of early lysis on the part of a number of cells. These observations correlate with similar data on other strains of C. botulinum.
We then studied the intracellular contents of the cells. Cells were grown in 250-ml batches and were harvested at various times during logarithmic growth (at OD values of 0.75, 1.0, 1.5, 2.0, 2.5, and 3.0). The cells were ruptured and fractionated, and the various fractions were assayed for toxicity. After being washed, the cell walls and membranes contained only negligible amounts of toxin, and it was concluded that any toxic material found there was fortuitous. However, both the soluble cytoplasm and the ribosomal pellet contained large amounts of titratable toxin. As shown in Fig. 2 , low levels of toxin were present at all times, but a dramatic increase occurred in the latter part of the log phase (between 1.5 and 2.5 OD units). ( Fig. 1) . The finding that considerable levels of toxin were detectable in the ribosomal pellet and that these levels increased concomitantly with increasing levels in the soluble cytoplasm led us to investigate the nature of the ribosomal pellet. Sucrose gradients were performed on resuspended ribosomal pellets. The absorbance of fractions taken from these gradients was determined at 280 and 260 m,u, and representative tubes were assayed for the presence of toxin (Fig. 3) . The results showed that the toxin detected in ribosomal pellets was not associated with the ribosomes, as the major toxic activity was located in the trough to the right of the rapidly sedimenting ribosomal material (Fig. 3) .
The nature of the toxin detected in the soluble cytoplasm was studied by a procedure described previously (6) for the purification of type B toxin from culture filtrates. A sharp peak, free from detectable nucleic acid and high in toxic activity (1 mg/ml = 1.2 X 106 MLD), was eluted from diethylaminoethyl cellulose columns. The composition of this preparation was determined by use of an analytical ultracentrifuge, containing a synthetic boundary cell (Fig. 4) . The preparation contained two major components, one of apparently high molecular weight (15.3S) VOL. 95, 1968 buffer used initially, had formed. Both the redissolved pellet and the supernatant fluid were run again in the ultracentrifuge (Fig. 5) , and, as a result of the prolonged centrifugation, the 15.3S component was successfully separated from the light material. However, the 2.5S material was not free from the heavy component. To remove this contaminant, the partially clean 2.5S preparation was passed through a Sephadex G-50 column (2 X the material was converted into a low molecular weight component (S = 1.5) and is shown in Fig. 7 . It was observed that this material was polydisperse and obviously not homogenous. However, this figure does indicate that the heavy material is a composite of low molecular weight subunits held together by ionic forces and other noncovalent bonds rather than by covalent linkages. This aggregate, seen as the 15.3S material, does not appear to be the result of experimental manipulation since it was found to occur in sucrose gradients of cell lysates. DIscussIoN Our studies, which attempted to relate the growth curve of C. botulinum type B to the release of titratable toxin, indicate that no appreciable toxin is released until cells reach the end of the logarithmic growth phase. It is presumed that the appearance of toxin at this time is related to lysis of aging cells in the culture. Virtually no carry-over of toxin was found with the subculture methods employed in our studies, since transfers of logarithmically growing cells were always made into flasks used in the experiments. The studies made on cell extracts of growing cells have demonstrated several interesting facts. In Fig. 2 , the amount of titratable toxin formed in cells at various stages of the growth is graphed and estimated as the amount of toxin formed per 109 cells. Levels of synthesis were not constant but appeared to increase markedly at the latter end of the growth phase. This would indicate some kind of control mechanism with respect to toxin synthesis, although r . The finding that the ribosomal pellet contained appreciable levels of toxin led to initial speculation that the toxin was associated with the ribosomes in some way. However, sucrose gradient studies have shown that the major toxic portion of the gradient is not associated with ribosomal material. Moreover, the sucrose gradient studies indicated the presence of toxic material of extremely high molecular weight in C. botulinum cells. When purification studies were carried out on the toxin detected in the soluble cytoplasm, the presence of a heavy toxic component was verified. From the data presented, the assumption has been made that this large toxic structure is composed of an undetermined number of the low molecular weight subunits. The finding that high ionic strength will cause dissociation of low molecular weight toxic components, and that sodium dodecyl sulfate will totally dissociate the material, indicates that ionic and other forces, rather than covalent bonds, are instrumental in holding the structure together. We are currently investigating the chemical nature of the detergent-treated toxin to determine whether or not the 15.3S material is composed of identical subunits. Because sodium dodecyl sulfate acts as a detoxicant, we can only study the dissociated material by comparing it, on a chemical basis, with the lysate toxin.
It has been observed that the low molecular weight toxic material isolated from the soluble cytoplasm of growing cells has a lower specific toxic activity than has the low molecular weight toxin isolated in this laboratory from culture lysates. When this was first noted, the possibility that this material was contaminated with another, nontoxic protein was considered. However, we were unable to detect any other component, either in the ultracentrifuge or by electrophoretic studies. It may be significant that the sedimentation rate (S = 2.5) for the toxic material isolated from the soluble cytoplasm of growing cells is somewhat higher than that calculated for low molecular weight extracellular toxin (S20,, = 0.70). Also, initial studies currently being carried out on the amino acid content 
